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Thermogravimetric signals of hemicellulose and lignin were found to subside due to the binderless 
briquetting of soybean crop residue. Minor but distinct thermogravimetric signals of secondary charring 
reactions were observed in raw crop residue and its briquetted biofuel. The bio-component related ki¬ 
netics was evaluated using the Kissinger method. Activation energy level of intrinsic cellulosic 
biopolymer was found higher in briquette than that level in crop residue. The activation energy profile 
with respect to conversion fraction for raw residue and its briquette was analyzed by the Kissinger 
—Akahira—Sunose method. The activation energy profile of briquette was superior to raw residue of 
soybean crop showing the better thermal stability in briquetted biofuel, highlighting the benefits of 
briquetting process. In addition to the physico-chemical transformations occurred in lignin, the hemi¬ 
cellulose and cellulose related transitions were also expected to play positive role for briquetting. 

© 2015 Elsevier Ltd. All rights reserved. 


1. Introduction 

Briquette is the compact solid fuel made from the loose crop 
residues [1—5]. The formation of briquettes is positive toward 
better utilization of loose CR (crop residues) for energy generation 
[4-7]. The briquettes are used as an alternate to wood in com¬ 
bustion and gasification devices. The crop residues are available in a 
huge quantity after the harvest of the crop [8,9] which can be uti¬ 
lized as a substantial and sustainable renewable energy source. The 
major constraint in utilization of crop residues as energy source is 
their low bulk densities [2,4,5,9-11] which vary from 100 to 
200 kg/m 3 . The low bulk density poses problems in handling, 
transportation and storage of crop residues. Due to less density, the 
energy density of crop residues is low and the CR also requires a lot 
of space for the transportation. The biomass based energy gener¬ 
ation systems need the biofuel with better flow ability. The fuel 
having uniform size and shape has better flow ability. Better flow 
ability of fuel in bio-reactors reduces the chocking and blockage in 
the bio-energy systems. The easy flow property of crop residues in 
the bio-energy reactors is poor due to their light weight and 
irregular shape and size. To deal with these constrains, it is better to 
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convert the crop residues into high density uniform solid biofuel, 
i.e. briquettes. Briquetting 1-7,9-20] is the process to compress 
the crop residues to make uniformly sized compact solid pieces of 
high density, which can be effectively used as fuel. Briquettes can 
be produced from the loose biomass until the density of 1200 kg/ 
m 3 . These can cleanly be burnt and therefore are eco-friendly. In 
India, briquettes are mostly manufactured from saw dust, bagasse, 
mustard stalk, groundnut shell, cotton stalk and pigeon pea stalks, 
etc. Basically, almost all lignocellulosic crop residues can be bri¬ 
quetted by using the optimum process parameters of the briquet¬ 
ting [2-7,10]. Mainly, three types of commercial briquetting 
systems are in use for generation of briquettes which are; i) Screw- 
press type, ii) Piston-press (die-punch) type and iii) Rotary dies and 
roller type 1-7,9-20]. 

In piston-press type systems, a die exists. The raw bio-material 
is pressed by the piston (ram) through a die, putting very heavy 
pressure on bio-materials. The raw biomaterial is heated due to 
high pressure, and its temperature goes up. The inner biomatrix 
changes and a compact briquette comes out of the system. In screw 
press type briquetting machine, a conveyer screw conveys the raw 
material to the die. The conveyer screw is designed in a manner to 
exert heavy pressure to raw bio-material when the bio-material 
reaches to the die. The die in the screw press type systems are 
basically an opening to allow the densified extruded briquettes, out 
of the machine. A difference in the piston-press and screw-press 
type briquetting machines is that the first exert pressure in 
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regular pulses, whereas in second the pressure is exerted contin¬ 
uously. At present, both types of system are in use to briquette the 
bio-materials. The energy consumption per unit output is less in 
piston-press briquetting system [2-5,10]. 

Briquetting process can be done using the binder or without 
binder. Binderless briquetting process demands high pressure as 
well as high temperature as compared to the briquetting with 
binder. The binders are materials that facilitate the binding of the 
bio-particles when subjected to relatively low pressure and tem¬ 
perature. The need of binder depends on the bio-material being 
briquetted. The use of binders increases the production cost of 
briquettes. Binder may also hinder in the burning process of bri¬ 
quettes. Almost all lignocellulosic material can be briquetted 
without binder. Cellulose, hemicellulose, lignin are the main com¬ 
ponents of CR. In briquetting, the raw CR is compressed at high 
pressures, and temperatures exceeding 200-250 °C are expected in 
die-region to relax and melt the lignin which fuses the CR particles 
into briquettes of designed shape and size [2,10 . Lignin works like a 
binding agent. This is basically a change in the inner bio-matrix due 
to high pressure and temperature exerted on the bio-material 
during the briquetting. This can be studied using the TGA (ther- 
mogravimetric analysis) wherein a bio-material is subjected to heat 
in precisely monitored chamber. The thermal degradation of 
different constituents of bio-material can be identified using TGA 
for a specific bio-material. Thermal degradation of bio-materials 
can be assumed to happen in the stages of moisture release, 
hemicellulose degradation, cellulose degradation and lignin 
degradation as stated by Vasile et al. [21]. Caballero et al. [22] 
explained the thermal degradation of lignocellulosic bio-materials 
as the summation of the independent degradations of their main 
components. Lopez-Gonzalez et al. [23] also stated that the devo¬ 
latilization curve of bio-materials could be taken as the sum of the 
corresponding individual components contributions. Leadakowicz 
and Stolarek [24] mentioned that the evolution of each volatile 
could be considered as a single first order reaction assuming that 
the constituents of bio-material were evolved by independent 
parallel reactions. According to Sanchez-Silva et al. [25] hemicel¬ 
lulose had a random and amorphous structure with low strength 
whereas cellulose had a strong crystalline structure. They also 
mentioned that lignin showed the highest thermal stability, 
decomposing in the broader temperature range (200—700 °C), 
studied and the DTG (differential thermogram) profile of lignin 
segment was the flattest [25]. Thermal degradation of lignin was 
very complex as it was heavily cross-linked highly-branched 
intrinsic biopolymer. 

Using thermogravimetric data, the raw SCR (soybean crop res¬ 
idue) and its briquetted biofuel (SB) were compared to investigate 
about thermal stability of various specific bioconstituents. During 
briquetting, the crop residues undergoes through stresses due to 
high temperature and pressure in a semi-confined environment 
making internal changes in different components of bio-material. 
There are various methods for determination of kinetics 
[4,5,21-40] of thermal degradation, like Friedman method, Coat- 
s-Redfern method, Kissinger, Kissinger-Akahira—Sunose (KAS) 
method, and Ozawa—Flynn—wall (OFW), etc. The KAS, OFW and 
Coats-Redfern methods are integral isoconversional methods 
whereas Friedman is differential method [4,5,26,27,29]. Kissinger 
method is basically not an isoconversional method. This method is 
used to find the kinetics of different biocomponents based of the 
temperature-location corresponding to maximum degradation rate 
associated with a specific bioconstituent. In Kissinger method also, 
studies at the different [3 are required to find the activation energies 
related to different components of the biomaterials. At the other 
end, Kissinger-Akahira-Sunose (KAS) method has ability to scan 
the kinetics in relation to conversion fraction of mass during 


thermal degradation. Kinetics is needed for designing of the energy 
devices to use the raw biomaterials and their briquettes as biofuel. 
This article presents comparative thermogravimetric kinetics of 
soybean crop residue and its briquette. Thermogravimetric changes 
occurring due to briquetting stresses in the biomaterial were 
explained on the basis of activation energy profiles of SCR and SB. 

2. Materials and methods 

The residues of soybean crop were taken for study. Thermog¬ 
ravimetric analyses of crushed biomaterial of SCR and crushed 
biomaterial of the briquettes (made from SCR) were done to un¬ 
derstand the internal physico-chemical transformations, affecting 
the thermal stability of the different biocomponents, occurred 
during the briquetting process. Thermogravimetric analyzer 
(Model: pyris-6; Make: Perkin Elmer) was used. Thermogravimetry 
provided the information about the weight loss (%) of biomaterial 
with respect to the temperature or time (thermogram) during the 
thermal degradation process. The first order derivative (degrada¬ 
tion rate profile) plot of the thermogram gave the weight loss rate 
versus temperature or time, i.e., about the degradation rate, %/min. 
Degradation rate profile is termed as “DTG (differential 
thermogram)”. 

For analysis, the exactly same thermogravimetric heating 
method was taken for both types of materials. The heating method 
was to maintain the TGA temperature at 35 °C for two minutes and 
then to raise the temperature at different heating rates ((3) from 
35 °C to 1000 °C in the nitrogen (flow rate 30 ml/min) environment. 
Four (3 (10, 20, 30 and 40 °C/min) were used for TGA experiments. 
For TG-analysis, raw SCR were crushed and then crushed material 
was briquetted. The briquettes were again crushed for TG analysis. 
The sieve analysis was done for crushed raw SCR and crushed SB. 
The particle distributions of crushed biomaterials from both (i.e., SB 
and SCR) were done in the size ranges of >0.2 mm, 0.2-0.4 mm, 
0.4-0.7 mm, 0.70-1.4 mm, 1.4—1.7 mm and <1.7 mm. The speci¬ 
mens for TG-experiments were taken from the size range 
(0.4—0.7 mm) which gave the highest portion of crushed material 
(38-40% of total crushed biomaterial) in sieve analysis. Therefore, 
the particle size selected for TG-experiment was 400—700 pm for 
biomaterials obtained by crushing the SB and SCR. Flence, for TG- 
analysis, the samples were drawn from the crushed form of the 
SCR and SB, having similar particle size and similar masses. The 
masses taken for repetitive TGA runs for SCR and SB were 
10 ± 2 mg. The pyris-6 thermogravimetric analyzer used the exactly 
same crucibles for all runs. As the particle size for TG-samples taken 
from biomaterial of SB and SCR was same (400-700 pm), the ef¬ 
fects of bulk density and porosity, especially during TG- 
experiments, were minimized. Therefore, the present paper 
essentially presents the changes occurring in the intrinsic bio¬ 
polymeric components due to briquetting stresses. 

The bulk densities of soybean crop residues, brought from the 
farmer's fields, were 120 ± 20 kg/m 3 (ar). The SCR was crushed and 
the bulk density of crushed SCR was 245 ± 5 kg/m 3 . For forming the 


Table 1 

Characterization of crushed SCR and SB, used for TG-analysis. 



Proximate analysis 
% (db) 


Ultimate analysis 
% (db) 

Density 

(kg/m 3 ) 


Moisture 

Volatiles 

Ash 

C 

H 

N 

S 


Crushed SCR 
(400-700 pm) 

9 ± 3 

72 ±3 

4.0 ± 0.3 

39 

7 

2 

0.5 

245 ±5 

Crushed SB 
(400-700 pm) 

7 ± 3 

70 ±3 

6.5 ± 0.3 

40 

6 

2 

0.5 

250 ± 5 
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briquettes, the crushed SCR was compacted using a commercially 
available piston-press type biomass briquetting machine (rated 
capacity 500 kg/h; rated power 35 kW). The machine is shown as 
supplementary information. Due to heavy pressure exerted on raw 
crushed SCR by briquetting machine, the temperature at the die of 
briquetting machine increased until 220 ± 20 °C. The bulk and true 
densities of formed briquettes were 650 ± 20 kg/m 3 and 
1135 ± 15 kg/m 3 , respectively. It showed the densification of the 
level of 3-4 times due to briquetting. The briquetted biofuels were 
again crushed (bulk density: 250 ± 5 kg/m 3 ) for TG-analysis. The 
characterization for the crushed SCR and crushed SB is given in 
Table 1, wherein the volatiles shown are excluding the moisture. 
The ash contents of SB were higher (about 2.5%) than the ash 
contents of SCR. This was true because the SCR underwent through 
briquetting stresses to form the SB. During the briquetting, the 
some portion of moisture (about 1-2%) and lighter volatiles (about 
2—3%) were removed. As ash is expected to remain in the solid 
substances during the briquetting stresses, the values of ash con¬ 
tents was increased (about 2.5%) in SB. 


3. Theory of thermal kinetics 


The basic kinetics [26-30] of thermal degradation of biomass is 
defined as; 

^ = k(T)f(a) (1) 


where; a = conversion fraction, T = reaction temperature (abso¬ 
lute), t = reaction time, k(T) = chemical reaction kinetics Arrhenius 
constant, and f(a) = reaction model. 


(Wj - w t ) 

(Wi - Woo) 


( 2 ) 


where; the Wi, w t and w^ are the masses of biomaterial at initial, 
instantaneous and final stages of decomposition, respectively. 


k(T)=Ae VRT; (3) 

where; A = Arrhenius pre-exponential factor, R = Universal gas 
constant, E = activation energy. 

f(«) = (1 - «)" (4) 

where; n = reaction order. 

HT 

Heating rate, p = ^ (5) 

By putting (3) in Equation (1 ), the Equation (1) can be written as; 


^ = Ae ( “ R ^f(a) 

dt 

By putting (5) in (6), the Equation (6) becomes; 


dec A ( r T ) f . 

dr = if f(a) 

The Equation (6) can be written as; 


( 6 ) 

(7) 


Integrating (7) on both side; 



A 

P 


To 

/ 



(9) 


where; Ti = reaction temperature at initiation, T 0 = Temperature at 
the end, ocj = conversion fraction at initiation and a 0 = conversion 
fraction at T 0 . 

Equation (9) does not have analytical solution and this can be 
written as [29]; 



e (- x ) 

x 



AE . . 

= PR P(X) 


( 10 ) 


where, x = E/RT which is reduced activation energy at temperature 
T, p(x) = e -x /x 2 

Based on (10), the Kissinger-Akahira-Sunose 26-30] method 
is arrived as Equation (11); 

ln (p)- l "(Tr)- |n «-H <"> 

The kinetics of thermal degradation of different components of a 
biomaterial can be found using Equation (11). 

The kinetics can be evaluated in two ways. The first way is to do 
the isoconversional model treatment using KAS Equation (11). The 
second way is to do the kinetics computations using Kissinger 
method wherein kinetics related to different bioconstituents can be 
analyzed. In KAS method, isoconversional kinetics are determined 
assuming the terms In g(a) and In A as constant at a specific value of 
a in Equation (11). Thus, Equation (11) takes a form of linear 
equation with its slope equal to -E/R. The ln(P/T 2 ) versus 1/T plots 
were drawn for degradation at all heating rates for both the bio¬ 
materials. The isoconversional points were taken in complete 
conversion range (a = 0-1) at selected conversional fractions (a) of 
0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 0.60, 
0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95 and 1.00. The KAS point (1/T, 
ln((3/T 2 )) values at every selected a from each KAS curve related to 
all experimented p were extracted. The isoconversional lines (the 
linear plot of ln(p/T 2 ) versus 1/T) were drawn for each selected 
value of a. The activation energy was computed by finding the value 
of the slope from the isoconversional KAS kinetics lines drawn at 
different values of a. 

The Kissinger method is given by Equation (12). In context to 
Kissinger method, Leadakowicz and Stolarek [24] stated that ther¬ 
mal degradation of a biomaterial can be assumed to occur as a sum 
of degradation of different constituents and the each component 
was assumed to degrade as single first order parallel reaction. The 
temperature (T max ), at which thermal degradation rate maximizes, 
is used in Kissinger analysis. Thermal degradation rate is basically 
the rate of conversion (da/dt). The various peaks present in the 
differential thermogram of a bio-material are evaluated to obtain 
the T max . At the highest point of each peak, the derivative of da/dt 
approaches to zero. This method is standardized in USA (ASTME 
1641-98 and ASTME 698-79) [24]. The T max for the each lumps or 
peaks can be obtained at different p and the plot between ln(p/ 
T 2 max) versus 1 /T max can be drawn to obtain the kinetics parameters 
using the Kissinger Equation (12) as described below 
[24,26,27,29,30]; 


J^_ = ^ e ( KT) dT 

f(«) P 


( 8 ) 




E 

RT max 


( 12 ) 
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Temperature (°C) Temperature (°C) 


Fig. 1. Experimental mass loss curves (TG curves in % mass) for SCR and SB, showing lesser scattering of tail end segment, TES, (from 350 °C to end) in case of SB for same domain of 
experimented heating rates highlighting the biopolymeric consolidation due to briquetting stresses. 


Basically, the Kissinger Equation (12) is specific form of the KAS 
Equation (11). However, the Kissinger method is not an iso- 
conversional kinetics treatment, whereas KAS is an isoconversional 
treatment. 

4. Results and discussion 

Fig. 1 shows the experimental mass loss curve (TG curve 
showing residual % of mass) for SCR and SB. The dehydration 
segment in both cases could be seen till 180 °C. The dehydration 
ended around 180 °C and 160 °C in case of SB and SCR, respectively. 
The residual masses at the final stages of decomposition, w^, were 
higher in SB as compared to residual masses in SCR indicating 
higher residues in SB. The low scattering of tail end segment, TES, 
(from 350 °C to end) was clearly noticed in Fig. 1 showing the 
polymeric consolidation in SB. This was the similar finding as ob¬ 
tained by Gangil 5], for briquettes of pigeon pea stalks. 

4.1. Thermogravimetric signals of SCR and SB 

Thermal degradation rate profiles (DTG) of residue and its 
briquette are given in Fig. 2, whereas Fig. 3 shows the lignin and 
charring related zone of DTG. The variations of thermal degradation 
rate with respect to a for SCR and SB are given in Fig. 4. The changes 
occurring due to briquetting in the thermogravimetric signals of 
lignin degradation and charring reactions with respect to a are 
given in Fig. 5 for both bio-materials. To minimize the effects of bulk 
density and porosity, the same segment of particle size 


(400-700 pm) for crushed SCR and SB was used for TG-scans using 
the exactly same crucibles of pyris-6 thermogravimetric analyzer 
with sample weight 10 ± 2 mg. Thus, the variations, in the weight to 
volume ratio (bulk density), were minimum during TG-scans for 
both materials. As the particle size was in the same range, the 
porosity is also expected to vary minimally. 

The region 50—180 °C was related with the dehydration or the 
release of the moisture in both types of biomaterials. The moisture 
peaks shifted to higher temperature region with increase in (3 in 
case of both, i.e., SCR and SB. On comparison of the moisture peaks, 
the locations of moisture related peak in SB were at higher tem¬ 
peratures than their corresponding locations in the SCR (Fig. 2). It 
indicated that during TG-degradation, the dehydration process 
continued until higher temperatures in case of SB than in case of 
SCR. Due to heating during the briquetting process, the moisture in 
outer portion of bioparticles of SCR escaped and the moisture, 
existing in the inner portions of bioparticles, remained in the SB. 
The conversion fraction periods (a-spans) associated with the 
dehydration was 0-0.12 and 0-0.10 for SCR and SB, respectively 
(Fig. 4). This signified that about 2% moisture difference was be¬ 
tween the biomaterials from SCR and SB which was in agreement 
with the results mentioned in Table 1. 

Hemicellulose [4,5,30-34] TG-signals were seen in the region of 
180-300 °C in (Fig. 2) SCR and these signals were not distinctly 
visible in the SB. Highest peaks related to cellulose 
[4,5,21-25,30-39] were located in temperature range of 
300-350 °C in both biomaterials. The hemicellulose degradation 
rates were lower than the rates during cellulosic degradation. 



Fig. 2. Comparison of thermal degradation rate profiles of soybean crop residue (SCR) and its briquette (SB) (M-moisture, H-hemicellulose, C-cellulose, L-lignin and Ch-charring). 
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Fig. 3. Lignin and charring zone of thermal degradation rate profile of soybean crop residue (SCR) and its briquette (SB) (the number given close to each curve is the heating rates 
(°C/min) associated with that particular curve) (L-lignin and Ch-charring). 



a a 

Fig. 4. Comparison of a-variance of thermal degradation rate for SCR and SB. (M-moisture, H-hemicellulose, C-cellulose, L-lignin and Ch-charring) (the number given close to each 
curve is the heating rates (°C/min) associated with that particular curve). 


According to Lopez-Gonzalez et al. [23] during cellulose degrada¬ 
tion, a complex set of reactions as denitration and deacetylation, 
scission of O-N, C-O, C-C and C-H bonds might take place. During 
hemicellulose degradation, the breakdown of C—O—C and some 
pyranose C-C bonds was expected [23]. Vasile et al. [21] indicated 
that hydrocarbons, aldehydes, ketones, acids, alcohols and others 
were generated by the primary pyrolysis of hemicelluloses and 
cellulose within the 290-400 °C region. 

The lignin related thermogravimetric signatures 
[4,5,22-26,30,31,33,34,36,30,40] were observed near the temper¬ 
ature 500 °C (Fig. 3) in both biomaterials. The lignin degradation 


was expected to impact a three-dimensional structure consisting of 
phenylpropane coupled with C—C or C-O—C bonds whose activity 
covered a wide range of temperatures as suggested by Lopez- 
Gonzalez et al. [23]. The phenols and alcohols were the dominant 
volatiles released from lignin pyrolysis as stated by Lopez-Gonzalez 
et al. [23]. The shifting of different peaks towards the higher tem¬ 
perature was observed with the increase in (3 for cellulose and 
lignin. The lignin related degradation rate was always lower at each 
(3 in case of SB as compared to the SCR. Due to physico-chemical 
transformations in the biomaterial, occurred because of the bri¬ 
quetting stresses, it was expected that thermal stability might 



a a 


Fig. 5. Lignin and char zone of thermal degradation rate with respect to a-variance for SCR and SB at different heating rates (the number given close to each curve is the heating 
rates (°C/min) associated with that particular curve) (L-lignin and Ch-charring). 
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Fig. 6. Kissinger kinetic plot for different biocomponents of the SCR (where; y = ln((3/T 2 max ) and x = 1/T max ). 


enhance in SB which was explained using the activation energy 
analysis later in this writing. Gangil [4,5,30] stated that in case of 
stresses, either due to pressure or temperature or both, on the 
lignocellulosic biomaterials, the lignin in biomaterial first relaxed, 
then melted during stresses, and finally solidified in final-product 
(i.e., briquettes in present discussion). This article considered that 
the solidification of melted lignin was the one of the probable major 
causes of thermal stability in SB. 

The peaks near the 750 °C in SCR and SB (Fig. 3) were ascribed to 
charring as secondary reactions occurring in thermal degradation 
of hemicellulose and lignin. In this region, complex reactions 
occurred at high temperature. This region was characterized by the 
evolution of hydrogen and methane in case of thermal degradation 
of lignocellulosic biomaterials due to charring. Idris et al. [40] 
experimented lignocellulosic biomaterial (palm kernel shell) and 
found charring TG-signals in the higher range of reaction temper¬ 
ature (700-750 °C), in their TG-experimentation under pyrolysis 
conditions. These signals were ascribed to release of methane or 
hydrogen by them. Gangil [4,5] stated that the region of 
700—750 °C could be represented by release of methane 
(700-730 °C) and release of hydrogen (near 750 °C) due to charring 
reactions in case of pigeon pea stalk and its briquetted biofuel, 


respectively. Abdullah et al. [41 ] mentioned that the charring TG- 
signals might be due to the secondary reactions in lignin degra¬ 
dation. During the thermal decomposition of lignocellulosic ma¬ 
terials (like wood), the volatiles, being produced as primary 
reactions, interfere with the carbonaceous residues, char. The hot 
char may cause the secondary reactions to occur in volatiles [42]. 
Beyler and Hirschler [42] stated that charring in woody material 
may be due to degradation of lignin. Author considered that the 
secondary charring reactions leading to evolution of methane or 
hydrogen or both may be during the later phase of thermal 
degradation of hemicellulose and lignin. 

The degradation zones of SCR (Fig. 4) related to the moisture, 
hemicellulose, cellulose, lignin and charring are clearly depicted in 
oc-range of 0-0.1, 0.15-0.25, 0.25-0.7, 0.65-0.80 and 0.80-0.95, 
respectively. At 20 °C/min, the thermogravimetric profile also 
indicated the existence of a lump at a-value of 0.6 which was also 
related with the cellulose. Cellulose may show more than one peaks 
during thermal degradation as indicated by Vasile et al. [21]. They 
mentioned that in the thermal decomposition of cellulose, the 
hydrolysis, oxidation and dehydration processes were side re¬ 
actions and therefore, the step corresponding to the cellulose 
decomposition might be divided into two steps, depending on the 


-7 


-8 


CSL 


-9 


-10 


-11 


□ Char a Lignin + Cellulose •Moisture 




A 

A 


□ 

□ 


y = -24207x + 29.926 
R 2 = 0.9308 


-12 

5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03 3.00E-03 3.50E-03 

^ ^"max 

Fig. 7. Kissinger kinetic plot for different biocomponents of the SB. (where; y = ln((3/T 2 max ) and x = 1/T max ). 
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sample's nature [21]. According to them, cellulose followed two 
competitive reactions which were depolymerization of residual 
cellulose followed by the volatilization of levoglucosan [21]. Gangil 
[43] published the work on the splitting of cellulose related signals 
in cashew shell in which two cellulose related peaks were observed. 
The similar explanations were agreed in present study. In case of SB, 
the different zones related with the moisture, cellulose, lignin and 
charring were in the a-range of 0-0.12, 0.2-0.75, 0.75-0.90 and 
0.9-0.95, respectively (Fig. 4). The hemicellulose presence was 
undistinguishable in SB, but minor lumps located at a-value of 
0.15 at all heating rates were seen. 

The charring signals were located at a-value of 0.91, 0.85, 0.88 
and 0.89 at (3 of 10, 20, 30 and 40 °C/min, respectively, in case of 
SCR. In SB, these TG-signals were at a-value of 0.91, 0.90, 0.92 and 
0.94 at (3 of 10, 20, 30 and 40 °C/min, respectively (Fig. 5). Minor 
peaks near the 780 °C in SCR can be seen in Fig. 3, at 10 °C/min, 
again associated with charring. In SCR, these peaks near 750 °C and 
780 °C fell in the a-region of 0.8-0.9 and 0.9-0.95, respectively. In 
SB, only charring peaks near 750 °C were seen which reflected in a- 
region of 0.9-0.95 (Fig. 5). The degradation rates in charring zone 
were lower in SB than in SCR (except at p = 20 °C/min). The char¬ 
ring signals in the SB were sharper than these signals in SCR. In 
general, the locations of these TG-signals shifted towards lower 
temperature with increase in [3 in SCR. The presence of these TG- 
signals in SCR and SB was due to the charring during the second¬ 
ary reactions related to hemicellulose and lignin degradation. 

By comparing the a-zones related with SB and SCR, it was 
concluded that the hemicellulose and lignin signals weakened due 
to briquetting. The weak TG-signals of a specific biocomponent in 
particular biomaterial are indicator of thermal stability of that 
component in comparative studies. The thermogravimetric signals 
ascribed to the charring reactions shifted toward higher a-values in 
case of SB. The role of hemicellulose was positive for formation of 
briquettes [44]. 


4.2. Kissinger kinetics 


-8 



-12 A - T - T-T-, 

7.00E-04 1.20E-03 1.70E-03 2.20E-03 2.70E-03 

1/T 

Fig. 8. KAS kinetic lines for SCR at different isoconversional fraction. 


Kissinger kinetic lines, ln((3/T 2 max ) versus 1/T max , were plotted to 
obtain activation energy and pre-exponential factor pertaining to 
different bioconstituents of SCR and SB as given in Figs. 6 and 7, 
respectively. For SCR, the Kissinger points (1/T max , ln(|3/T 2 max )) 
could be obtained from TGA data for all the constituents namely 
moisture, hemicellulose, cellulose, lignin and charring segment. In 
case of SB, the points (1/T max , ln(|3/T 2 max )) could not be obtained for 
hemicellulose. Further, the activation energy for hemicellulose, 
lignin and charring segments was not computed for SB owing to 
poor correlation between the values of the ln((3/T 2 max ) and 1/T max . 
The kinetic parameters determined for different components of 
bio-materials are given in Table 2. The cellulose related activation 
energy increased in the SB. Due to briquetting, the lignin melted 
and spread in biomatrix to act as glue between the different par¬ 
ticles. This writing considers that in addition to the lignin compo¬ 
nent, the hemicellulose also played important role during the 
briquetting. Flemicellulose and cellulose components thermally 
consolidated during briquetting process and took part in forming 
thermally stable briquette along with the lignin component. 


All the temperatures (T max ) at the maximum value of da/dt in 
the different regions (moisture, hemicellulose, cellulose, lignin and 
charring) were extracted for both the biomaterials at all four 
experimented heating rates. At these temperatures (T max ) the rate 
of change of da/dt (change in the reaction rate (d 2 a/dt 2 )) ap¬ 
proaches to the zero indicating that the acceleration or retardation 
in conversion is nearly zero at T max and the thermal degradation at 
Tmax occurs at a constant da/dt. Therefore, the non-accelerating 
constant thermal degradation reaction is expected at T max . 


Table 2 

Kissinger kinetics of SCR and SB. 


Peak number 

Equation of linear fitting 

R 2 

Activation 

energy 

(kj/mole) 

Pre-exponential 
factor, A (min -1 ) 

Soybean crop residue (SCR) 

Moisture y = -3427x + 0.7446 

0.86 

28.5 

-1.01E+03 

Hemicellulose 

y = 

-16,976x + 22.145 

0.99 

141.1 

5.26E+04 

Cellulose 

y = 

-20,576x + 24.229 

0.95 

171.1 

6.56E+04 

Lignin 

y = 

-19,592x + 15.221 

0.89 

162.9 

5.33E+04 

Char 

y = 

-64,413x + 52.125 

0.85 

535.6 

2.55E+05 

Briquette (SB) 
Moisture 

y = 

-9861.8X+ 16.598 

0.55 



Hemicellulose 

- 


- 

- 

- 

Cellulose 

y = 

-24,207x + 29.926 

0.93 

201.3 

8.23E+04 

Lignin 

y = 

-25,068x + 22.243 

0.74 

- 

- 

Char 

y = 

-6198.8X - 4.8151 

0.01 

- 

- 


Where; y = ln(|3/T 2 max ) and x = 1/T max . 


4.3. Kissingger-Akahira—Sunose kinetics 

The activation energy profiles with respect to a for SCR and SB 
were arrived by plotting the KAS kinetic lines. For arriving at this, 
the KAS points (1/T, ln((3/T 2 )) were extracted from the first order 
derivatives of thermogram (taken at all experimented (3) at various 
selected conversion fraction. The plot of KAS lines, i.e., ln((3/T 2 ) 
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Fig. 9. KAS kinetic lines for SB at different isoconversional fraction. 
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Table 3 

KAS kinetics for SCR and SB (Linear correlation equations for KAS isoconversional 
lines (ln((3/T 2 ) versus 1/T)). 


a 

Soybean crop residue (SCR) 


Briquette (SB) 




Equation of linear fitting 
for KAS points 

R 2 


Equation of linear fitting 
for KAS points 

R 2 


0 

y = 

94,893x - 313.6 

0.68 

X 

y = 

-45,369x + 137.68 

0.82 

V 

0.01 

y = 

-10,700x + 24.58 

0.85 

V 

y = 

-25,459x + 67.462 

0.47 

X 

0.05 

y = 

-6768.2X + 10.001 

0.96 

V 

y = 

-13,724x + 27.102 

0.80 

V 

0.10 

y = 

3847.5X - 17.791 

0.49 

X 

y = 

-7791.9X + 8.6167 

0.82 

V 

0.15 

y = 

-7706.3X + 5.2824 

0.06 

X 

y = 

-14,082x + 18.141 

0.81 

V 

0.20 

y = 

-17,655x + 22.893 

0.19 

X 

y = 

-18,490x +24.968 

0.83 

V 

0.25 

y = 

-19,660x +25.423 

0.32 

X 

y = 

-19,885x + 26.432 

0.87 

V 

0.30 

y = 

-26,175x +35.931 

0.53 

X 

y = 

-21,462x + 28.359 

0.93 

V 

0.35 

y = 

-27,608x + 37.516 

0.62 

X 

y = 

-23,447x +31.08 

0.96 

V 

0.40 

y = 

-29,578x + 40.099 

0.66 

X 

y = 

-25,360x + 33.663 

0.99 

V 

0.45 

y = 

-28,971x + 38.359 

0.63 

X 

y = 

-27,963x + 37.414 

0.99 

V 

0.50 

y = 

-27,682x + 35.575 

0.49 

X 

y = 

-29,930x + 40.077 

0.99 

V 

0.55 

y = 

-17,006x + 17.63 

0.16 

X 

y = 

-31,708x +42.432 

0.99 

V 

0.60 

y = 

25,897x - 50.514 

0.60 

X 

y = 

-33,504x + 44.749 

0.99 

V 

0.65 

y = 

12,961x - 29.356 

0.92 

V 

y = 

-48,194x + 67.414 

0.83 

V 

0.70 

y = 

9720.1X - 23.703 

0.83 

V 

y = 

14,780x - 32.666 

0.43 

X 

0.75 

y = 

8777.9X - 21.602 

0.64 

X 

y = 

8580x - 22.387 

0.53 

X 

0.80 

y = 

6097x - 17.594 

0.36 

X 

y = 

7569x - 20.232 

0.51 

X 

0.85 

y = 

715.34X - 11.372 

0.01 

X 

y = 

6974.6X - 18.72 

0.57 

X 

0.90 

y = 

-6076.8X - 5.0628 

0.23 

X 

y = 

7929.5X - 18.844 

0.63 

X 

0.95 

y = 

-8817.lx - 3.2663 

0.51 

X 

y = 

17,619x- 26.658 

0.56 

X 

0.99 

y = 

-ll,586x - 1.4961 

0.60 

X 

y = 

71,139x - 68.989 

0.79 

V 

1.00 

y = 

118,331x - 105.68 

0.95 

V 

y = 

107,492x - 96.932 

0.97 

V 


Where; y = ln(|3/T 2 ) and x = 1/T. 

The cut-off value of R 2 for performing further KAS analysis was 0.8. 
x infers the KAS analysis inadequate for determination of kinetics. 
y/ infers the KAS analysis adequate for determination of kinetics. 


versus 1 /T at different a-values are given in Fig. 8 for SCR, and in 
Fig. 9 for SB. Table 3 shows equations of the linear KAS lines at 
different a-values for SCR and SB. During the TG-studies on plastic 
polymers and on specific biocomponents (like xylan, cellulose and 
lignin in extracted or separated or refined form), normally R 2 is 
taken as >0.9 for isoconversional kinetics. In case of biomaterials 
where one kind of biopolymeric molecules make complex linkages 
with other kind of molecules, the R 2 was taken as >0.8 considering 
the complexity in internal molecular networking during thermal 
degradation of biomaterials [4,5,30]. Activation energies for few a- 
points were not computed as shown in Table 3. The E-values ob¬ 
tained in present studies (Table 3) were in consonance with the E- 
values of lignocellulosic biomaterials as given by White et al. 26], 
Gangil [4,5,30,31,43,44] and Tsamba et al. [45]. Fig. 10 shows the 
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Fig. 10. Dependence of activation energy on conversional fraction. 


dependency of activation energy on the conversion fraction for 
both biomaterials. The activation energies obtained from KAS and 
Kissinger method with respect of a is shown in Fig. 10. The 
approximate values of a were selected to plot the Kissinger E-points 
related to different biocomponent of both biomaterials. These 
approximate a-values were 0.05, 0.20,0.50,0.75,0.90 for moisture, 
hemicellulose, cellulose, lignin and char, respectively, for SCR, and 
0.55 for cellulose in case of SB. Activation energy profile of the SB 
was found superior than SCR. 

5. Conclusions 

Raw residues of soybean crop and its briquetted biofuel were 
analyzed and compared using thermogravimetric analysis. Kinetics 
was evaluated using the Kissinger and KAS methods. Thermogra¬ 
vimetric signals related to hemicellulose appeared to vanish due to 
briquetting. The activation energy profiles of raw residues of soy¬ 
bean crop and its briquetted form were compared to conclude that 
biomaterial of briquettes was thermally stable than the biomaterial 
of raw crop residues. The cellulose related activation energy levels 
were higher in briquettes. Low level of scattering of the tail end 
segment of thermogram in experimented domain of heating rates 
showed the lignin consolidation in briquette. Apart from the lignin, 
the hemicellulose and cellulose were also expected to play the 
positive role for briquetting. 
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